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The objectives of this project were to study the effects of various liquid properties on the 
application to liquid; and thus to utilize Thickness Shear Mode (TSM) resonator for the 
determination of those liquid properties.  The properties investigated included viscosity, 
spreading rate, and contact angle.  Other factors such as contact area, surface roughness, 
viscoelastic effects, and heavy loading were also discussed. 
 
The classic Kanazawa equation was verified with experiments and deviations were 
observed at high viscosity liquid.  Besides full coverage, experiments with partial 
coverage were conducted and useful results were obtained. 
A novel method for determination of contact angle was proposed by adopting Lin’s single 
droplet to multiple droplets [Lin, 1996].  The precision was enhanced and is comparable to 
that of optical goniometry.  Thus TSM resonator method is proven to be capable of the 
equilibrium contact angle measurement. 
Time dependent responses were discussed under the circumstances of high percentage 
glycerine solutions and silicon oil.  When working with glycerine solutions of up to 97%, 
instead of a stable frequency shift, the frequency decreases precipitously upon the initial 
contact of the mass loading, followed by a monotonic increase.  After a maximum value of 
frequency shift is reached, the frequency declines slowly.  Whether high percentage 
glycerine should still be treated as a Newtonian liquid remains in discussion.  With 
silicone oil of high spreading rate, a new model incorporating the effects arising from the 
 ii 
mass sensitivity profile and the spreading process of the liquid droplet was proposed.  The 
TSM resonator technique may offer potential to complex interfacial problems. 
With golden syrup solution and honey solution, the unusual positive frequency shifts were 
observed and the effect of heavy loading was looked into. 
The last portion of the study involves the feasibility study of enhancing the sensitivity of 
TSM resonator by surface roughness modification was probed and relevant experiments 
were carried out. 
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Precise measurement tools are necessary parts of most successful scientific and 
engineering enterprises.  Sensing devices are well-accepted analytical instruments for the 
measurement of a diverse range of chemical and physical parameters.   
 
Acoustic wave sensor has been one of the most popular and attractive sensing devices due 
to its high sensitivity, simple construction, low cost and a wide variety of measuring 
different input quantities [Ballantine et al., 1997].   
An acoustic wave sensor is a specially designed solid sensing structure utilizing the 
propagation of elastic waves at frequencies well above the audible range.  There is a wide 
variety of acoustic wave sensors, including Thickness Shear Mode (TSM) resonator, 
Surface Acoustic Wave (SAW) devices, Acoustic Plate Model (APM) devices, and 
Flexural Plate-Wave (FPW) devices, with each of them uses a unique acoustic mode, as 
illustration in Figure 1.1 [Kapar et al., 2000].  
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Figure 1.1 Schematic Sketches of Four Typical Types of Acoustic Sensors:  
(a) Thickness Shear Mode (TSM) Resonator, (b) Surface Acoustic Wave (SAW),  
(c) Acoustic Plate Model (APM) Devices and (d) Flexural Plate-Wave (FPW) Devices. 
 
Among these, TSM sensors, also known as Quartz Crystal Microbalance (QCM) sensors 
are the most widely used for chemical and other types of sensing [Potyrailo, 2004]. 
 
It is important to note that the term QCM is not accurate as in some situation, for example 
responding to viscosity, the “QCM” does not act as a microbalance.  Also, the term 
neglects other types of quartz devices that can act as microbalance.  Thus the device is 
more correctly referred to as TSM resonator. 
 
TSM resonators are commonly used in two modes of detection: gravimetric and 
viscoelastic.  In gravimetric mode, mass loss or gain is measured.  Commercial systems 
are designed to reliably measure mass changes down to gµ100~ , whereas the minimum 
detectable mass change is typically 2/1~ cmng  (Refer to Appendices B: Representative 
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QCM Systems and Ancillary Equipment).  In the viscoelastic measurement, the changes in 
moduli of deposited films are measured.   
 
The TSM resonator was originally used in vacuum for detection of metal deposition rates.  
Since then TSM resonators has been used for half a century in the film fabrication by 
vacuum evaporation.   
In 1980s, the TSM resonator was shown to exhibit the potential to operate in contact with 
liquids, enabling its usage as a solution-phase microbalance [Konash and Bastiaans, 1980], 




TSM resonators have wide application in chemical, electrochemistry and biological 
engineering, which all require operation in liquid environment.   
 
When the quartz crystal is loaded with liquid, the resonant frequency is dependent on the 
solvent used.  There could be a huge variety of factors involved when it comes to liquid 
properties and the question as to which factors determine the frequency is crucial for 
understanding the mechanism of oscillation of a crystal in solution and for its potential 
development as a sensor in solution. 
 
The objectives of this project were to study the effect of various liquid properties on the 
application to liquid; and thus to exploit TSM resonator further for the determination of 
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those liquid properties.  The properties investigated included viscosity, spreading rate 
contact angle etc.  
Other factors such as contact area, viscoelastic effects, heavy loading, and surface 
roughness were also discussed in the following chapters. 
 
1.3 INSTRUMENTAL APPROACH 
 
There are two instrumental approaches, which are called the active (oscillator) and the 
passive (impedance or network analysis) method.  The oscillator method can be easily set 
up, whereas the more powerful network analysis method requires a more sophisticated 
instrumental approach.  The instrumentation employed in the project is the active 
oscillator method. 
 
Preliminary experiments were conducted with a Research Quartz Crystal Microbalance 
(RQCM) to reproduce some of the previous work done by other researchers.  Successive 
work was extended with different types of liquid in terms of viscosity, density, spreading 
rate etc to challenge the assumptions and limitation in the previous work, where variations 
emerged.   
 
Extensive literature reviews were done to identify possible reasons for the variation 
observed.  When there were several possible factors involved, supportive experiments 
were conducted to ascertain some of the factors.  Based on the study, modifications or 
enhancements were added to the existing theoretical models.   
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Numerical fitting were carried out according to the experimental data.  Therefore, the 
classic theory and modelling were complemented and extended to include a wider range of 
liquid conditions. 
Also, based on the theory and modelling developed, the TSM resonators could be utilized 
for the determination of liquid properties. 
 
1.4 ORGANIZATION OF THESIS 
 
A brief introduction was first given in Chapter One, on the background of this study, 
objectives of the project, as well as technical approaches employed. 
 
In the literature review in Chapter Two, the working principle of TSM resonator was 
explained, followed by a history of development in the theory and modelling.  Two basic 
equations, Sauerbrey Equation and Kanazawa’s Equation were introduced.  Electrical 
equivalent circuit approach, especially the Butterwork-van Dyke (BVD) mode was 
illustrated.  Thus impedance or admittance analysis was introduced.  Last but not least, a 
review on the application of TSM resonators in both scientific and engineering enterprises 
and the research area was given. 
 
The experimental setup and instrumentations used were illustrated in Chapter 3.  The 
source and preparation of experimental specimens were stated, as well as some safety 
issues and precautions. 
 
The results and discussion part was divided into five parts in Chapter Four. 
 CHAPTER 1 INTRODUCTION 
 6 
Firstly Kanazawa equation was verified with experiments and deviations noted at high 
viscosity liquid.  Besides full coverage, experiments with partial coverage were conducted 
and useful results were obtained. 
A novel method for the determination of contact angle was proposed by adopting Lin’s 
single droplet to multiple droplets [Lin, 1996].  The precision was enhanced and proven to 
be comparable to that of optical goniometry. 
Time dependent responses were discussed under the circumstances of high percentage 
glycerine solutions and silicon oil.  Effects of viscoelasticity and spreading rate were 
discussed, respectively. 
With syrup solution and honey solution, unusual frequency responses were observed and 
the effect of heavy loading was looked into. 
Lastly, the possibility of enhancing the sensitivity of TSM resonator by surface roughness 
modification was probed and relevant experiments were carried out.  
 
After conclusion in Chapter Five, recommendations as well as future work were discussed 
in the following chapters. 
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CHAPTER 2 LITERATURE REVIEW 
 
2.1 WORKING PRINCIPLE 
 
The piezoelectric effect was first discovered in 1880 by Pierre and Jacques Curie.  
Piezoelectric effect is an interaction between electrical and mechanical phenomena.  The 
direct piezoelectric effect is that electric polarization is produced by mechanical stress, 
whereas the converse effect is a crystal becomes strained when an electric field is applied 
[Ikeda T., 1996].   
 
The coupling between strain and electrical polarization in many crystals provides a mean 
for generating acoustic waves electrically.  When the structure of a crystal lacks a centre 
of inversion symmetry, the application of strain changes the distribution of charge on the 
atoms and bonds comprising the crystal in such a manner that a net, macroscopic, 
electrical polarization of the crystal results [Ballantine, 1997].  Crystals exhibiting this 
direct piezoelectric effect always exhibit the converse effect as well. 
Due to these properties and the crystalline orientation of the quartz, the crystal can be 
electrically excited in a number of thickness shear modes.  
 
Thickness Shear Mode (TSM) sensors are characterized by a shear displacement in 
response to an applied electric field.   
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When a voltage is applied to the electrodes, the crystal responds by deforming slightly 
with the top electrode shifting laterally with respect to the bottom electrode.   When the 
polarity of the voltage is reversed, the shear deformation takes place in the opposite 
direction.  The shear motion gives rise to a shear displacement wave which starts at one 
surface and propagates through the thickness of the crystal.   
 
A typical TSM sensor consists of a thin quartz disk with electrodes plated on it, and an 
alternating electric field across the crystal (oscillator).  Other electronic components 
control process conditions and data manipulation.  Under an alternating electric field, 
vibrational motion of the crystal is caused at its resonant frequency, and a standing wave, 
known as the crystal resonance, is set up with maximum amplitude (anti-node) at the 
electrode surfaces and minimum amplitude (node) midway through the thickness of the 
crystal.   
 
Quartz crystal is not an isotropic material, which means that properties of quartz vary at 
different crystallographic orientation.  To make the acoustic wave propagate in a direction 
perpendicular to the crystal surface, the quartz crystal plate must be cut to a specific 
orientation with respect to the crystal axes.  These cuts belong to the rotated Y-cut family.  
AT-cut quartz crystals are used as TSM sensors due to their low temperature co-efficient 
at room temperature thus only there are minimum frequency changes due to temperature 
in that region [O’Sullivan and Guilbault, 1999].  Small variations in the temperature or the 
angle of the cut can cause small variations in the measured frequency, thus the 
fundamental resonant frequency of each quartz crystal could be different [Handley, 2001].  
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The commercial Quartz Crystals are provided with rough or smooth, clear or clouded; and 
there is also a variety of choices for the material of the electrodes mounted onto them such 
as Gold, Silver and Aluminium. 
 
The resonant frequency signal in a TSM could be caused by a change in the mass of the 
oscillating crystal (gravimetric or mass sensitivity), a change in the properties of a bulk 
liquid in contact with the crystal (liquid viscosity and density sensitivity), or a change in 
the viscoelastic properties of a film deposited onto the crystal (viscoelastic sensitivity) 
[Ballantine et al., 1997]. 
 
The presence of displacement maxima at the crystal surfaces makes the TSM sensors very 
sensitive to surface mass accumulation.  Mass that is rigidly bound moves synchronously 
with the electrode surface, perturbing the TSM resonant frequency.   
 
The fundamental frequency of the QCM depends on the thickness of the wafer, its 
chemical structure, its shape and its mass.  Some factors can influence the oscillation 
frequency, such as material properties of the quartz like thickness, density and shear 
modulus, as well as the physical properties of the adjacent media (density or viscosity of 
air or liquid).   
 
2.2 DEVELOPMENT OF THEORY AND MODEL 
 
Based on the early Sauerbrey Equation [1959] and Kanazawa’s Equation [Kanazawa and 
Gordon, 1985], increasingly sophisticated models have been developed to interpret the 
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measurements obtained and thus to provide new information about the thin films and the 
interfaces. 
 
2.2.1 BASIC EQUATIONS 
 
 
In 1959, Sauerbrey [Sauerbrey, 1959] first showed that the mass sensitivity of a quartz 
crystal could be used to measure the thickness of vacuum-deposited metals. 









    (2.1) 
where f∆  is the measured frequency shift, 0f is the fundamental frequency of the quartz 
crystal prior to a mass change, m∆ the mass change, A the piezoelectrically active area, 
qµ and qρ  shear modulus and density of quartz respectively. 
 
It is essential to understand that the Sauerbrey Relationship is based on several 
assumptions [Buttry and Ward, 1992]: 
 
Firstly, the equation is based on the implicit assumption that the density and the transverse 
velocity associated with the foreign material deposited are identical to those of quartz.   
The Sauerbrey relationship also assumes that the particle displacement and shear stress are 
continuous across the interface, which is usually referred to as the “no-slip” condition. 
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Besides, the Sauerbrey relationship assumes that the frequency shift resulting from a mass 
deposited at some radial distance from the centre of the crystal is the same regardless of 
the radial distance.  However, the actual frequency response to that mass is dictated by the 
differential sensitivity constant fc which represents the differential frequency shift for a 
corresponding mass change on that region. 
Sdmdfc f == /     (2.2) 
 
Studies of evaporation and sputtering of metal deposits onto localized areas of quartz 
crystal have indicated that fc  is the highest at the centre, and decreases monotonically in a 
Gaussian-like manner, eventually becoming negligible at and beyond the electrode 
boundary [Sauerbrey, 1959].   
The integral sensitivity constant fC  is given by an integration of fc  over the total 
piezoelectrically active surface area of the electrode.   
    ∫ ∫ ΦΦ=
pi2
0 0
),(rf rdrdrSC    (2.3) 
where Φ  and r are the angle and distance for the polar coordinate system placed at the 
centre of the quartz crystal wafer. 
 
However, it is important to note that the exclusion of sensitivity does not invalidate the 
use of the Sauerbrey equation, but merely requires film thickness uniformity. 
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In 1982, Nomura and Okuhara [1982] first reported the application of TSM resonators in 
liquid environment, which significantly extended the application of TSM resonators to 
electrochemistry, biological industry, chemical detection etc.   
Since then, Bruckenstein and Shay [1985] and Kanazawa and Gordon [1985] showed the 
measurement method of surface mass accumulation and fluid properties using quartz 
resonators operated in a fluid. 
 
When an over-liquid layer is thick, the relationship between the frequency f and mass 
change m∆  is no longer linear and thus corrections are necessary.   
The amplitude of the shear wave in a Newtonian liquid is described by an exponentially 
damped cosine function, decaying to 1/e of its original amplitude at a decay lengthδ .  The 
frequency shift corresponds to only an “effective” mass of the liquid contained in a liquid 
layer thickness of 2/δ . 
 
It was shown that the value of δ  is determined by the operating resonant frequency 0f , 






=      (2.4) 




When the quartz is operated in liquid, the coupling of the crystal surface drastically 
changes the frequency; a shear motion on the electrode surface generates motion in the 
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liquid near the interface.  Therefore, plane-laminar flow in the liquid is generated, which 
causes a decrease in the frequency proportional to LLηρ . 
 
Based on a simple physical model, the relationship between the change in oscillation 
frequency of a quartz crystal in contact with fluid and the material parameters of the fluid 





0−=∆     (2.5) 
 
Kanazawa and Gordon stressed that f∆  is a linear function of LLηρ , except for salts and 
high polymer solutions.  This equation is applicable to the case of immersing one face of 




With the knowledge of two basic equations -- Sauerbrey Equation for thin film of rigid 
mass deposition and Kanazawa’s equation for TSM resonators immersed in liquid, there 
were two different approaches of modelling. 
 
The early Mechanical approach was based on the mechanical models using travelling 
wave theory, while the piezoelectric and dielectric properties of quartz crystal were 
included as the “piezoelectric stiffness” shears modulus to elastic modulus of the quartz.  
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Another approach initiated by Kipling and Thompson [Kipling and Thompson., 1990] 
showed that a quartz resonator could be “completely characterized” from the electrical 
point of view, by measurement of electrical impedance or admittance over a range of 
frequencies near the fundamental resonance.  The mechanical model can be represented by 
a network of lumped parameters of a different kind, namely an electrical network 
consisting of inductive, capacitive, and resistive components in series. 
By building up an equivalent-circuit model and fitting the multiple measurements into it, 
parameters relating to energy storage and power dissipation can be extracted.   
 
 
The first and most precise equivalent-circuit model used was transmission line mode 
(TLM), which can fully describe both the piezoelectric transformation between electrical 
and mechanical vibration and the propagation of acoustic waves in the system acoustic 
device-coating-medium in analogy to electrical waves [Nowotny and Benes, 1987].  It is 
the most precise model in the sense that it does not have any restrictions on the number of 
layers, their thickness and their mechanical properties.  However, on the other hand, a full 
TLM analysis of the resonator sensing system is often cumbersome and time-consuming 
during the data analysis.   
 
Near the resonance frequency of the unloaded TSM resonator, a simplified electrical 
equivalent circuit model using lumped electrical elements, known as Butterwork-Van 
Dyke (BVD) mode is more frequently used to deal with the mechanical interactions. 
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Figure 2.1 (a) The mechanical model of an electro-acoustical system and (b) its 
corresponding electrical equivalent. [Buttry and Ward, 1992] 
 
Figure 2.1 gives a typical mechanical model of an electro-acoustical system and its 
corresponding electrical equivalent circuit.  The components of the series branch 
correspond to the mechanical model in the following manner: 1L is the inertial component 
related to the displaced mass m during oscillation, 1C  is the compliance of the quartz 
element representing the energy stored mC during oscillation, and 1R is the energy 
dissipation r during oscillation due to internal friction, mechanical losses in the mounting 
system and acoustical losses to the surrounding environment.  This series branch defines 
the electromechanical characteristics of the resonators and is commonly referred to as 
motional branch. 
 
The actual electrical representation of a quartz resonator also includes a capacitance 0C , in 
parallel with the series branch to account for the static capacitance of the quartz resonator 
with the electrodes, known as the static branch.  [Buttry and Ward, 1992]. 
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For an unloaded crystal, the BVD circuit parameters may be represented in terms of the 
physical properties of AT-cut quartz [Laschitsch, 1999] as: 




=      (2.6) 







=      (2.7) 
















=      (2.9) 
where 22ε  is the permittivity of the quartz, which is 
34211 /10982.3 mkgsA ⋅× −  for AT-cut 
quartz; qd  is crystal thickness; 26e  the piezoelectric constant, which is 
2210657.9 −−× Asm  
for AT-cut quartz. 
 
Expressing the mechanical properties of a quartz resonator in electrical equivalents greatly 
facilitates their characterization because the values of the equivalent circuit components 
can be determined using network analysis, or a TSM resonator.  Impedance ( Z ), or 
admittance (Y ), analysis can elucidate the properties of the quartz resonator as well as the 
interaction of the crystal with the contacting medium. 
 
When a quartz resonator is in contact with a viscous liquid or polymer film, viscous 
coupling is operative.  The frequency shift f  is dependant on the density lη  and viscosity 
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lρ of liquids contacting the electrode of the QCM, as noted by Kanazawa and Gordon 
[1985] and Bruckenstein and Shay [1985]. 
 
The added liquid introduces mechanical impedance, which can be expressed in terms of a 
corresponding electrical impedance.  Mason [1947] was the first to obtain the acoustic 
shear impedance of liquids by measuring the electrical properties of piezocrystals, loaded 
with a liquid.   
LLL LjRZ ω+=     (2.10) 
 
Under this condition, the equivalent circuit representation must be modified to include the 
inductance induced by the rigid film fL , as well as two impedance terms caused by the 
liquid, namely inductance LL  and resistance LR , as illustrated in Figure 2.2. 
 
 
Figure 2.2 The general equivalent circuit representation for an AT-cut quartz resonator 
with contributions from the mass of a rigid film and the viscosity and density of a liquid in 
contact with one face of the quartz resonator. 
  
 
The impedance and admittance for the series branch of the liquid-only network are thus 




Liquid  Quartz Crystal 










CjLLjRRZY LL ωω  (2.12) 
    12/ LLff Ls−=∆     (2.13) 
 
The second measured value Γ  is introduced to describe the width of the half power-point 
resonant frequency sf .  The change in Γ  with loading, ∆Γ accounts for the dissipation of 
the acoustic shear wave and is directly related to the increased resistance LR : 
    14/ LRL pi=∆Γ     (2.14) 
 
Having Included both LL  and LR component, knowledge of f∆ and ∆Γ  is thus enough to 
characterize the change in the TSM resonator upon loading and the response of the TSM 
resonator upon diverse loading conditions can be generalized in terms of a complex 
frequency shift in resonant frequency *f∆ as follows: 
∆Γ+∆=∆ iff *     (2.15) 
 
2.2.3 OTHER ISSUES 
 
Kanazawa’s Equation assumed uniform mass sensitivity 0S [Kanazawa and Gordon, 1985] 









= −     (2.16) 
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It was later recognized, however, that the mass sensitivity is largest at the centre of the 
electrode region of the resonator and decays monotonically toward the electrode edges. 
The experimental measurements of the sensitivity function ( )S r  indicated that ( )S r can 





rKrS A β−=    (2.17) 
where K represents the maximum sensitivity at the centre of the resonator ( 0r = ), er is the 
QCM electrode radius, and β  is a constant that defines the steepness of the sensitivity 
dependence on r .  
Previous measurements have indicated that 2β ≈ . 
 
As a result of this non-uniformity in sensitivity, a sensitivity factor AK  is thus introduced, 
which is a function of the fractional coverage, 0/ AA , where A is the actual coverage and 
A0 is the area of the circular quartz electrode.  
For partial electrode coverage, it is assumed that the Kanazawa equation is multiplied by 
AK  and by the fractional contact area.  General expressions for f∆  can be written as 
follows: 








)( −=∆   (2.18) 
 
Several researchers have also noted that a rough surface can trap a quantity of fluid in 
surface depressions. [Schumacher et al., 1987; Beck et al., 1992] 
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Since the trapped fluid is constrained to move synchronously with the surface oscillation it 
contributes an additional response nearly identical to an ideal mass layer.  Experiments 
have shown that the rough device (with 243 nm surface roughness, which is comparable 
with the decay length of 5 MHz shear wave in water) exhibits a significant increase in 
frequency shift f∆ over the smooth device due to this trapping phenomenon.  Moreover, it 
was indicated that even “smooth” device (with surface roughness less than 10 nm) may 
have enough roughness to account for the slight increase in f∆  over the predicted value 
for an ideally smooth surface. [Martin, 1997] 
 
2.3 APPLICATIONS AND RESEARCH AREAS 
 
The basic effect, common to the whole class of acoustic wave sensors, is the decrease in 
the resonant frequency caused by an added surface mass in the form of film.  This 
gravimetric effect leads to the domination of quartz crystal microbalance (QCM) and is 
exploited, for instance, in thin-film deposition monitors and in sorption gas and vapor 
sensors using a well-defined coating material as the chemically-active interface.  One 
review by O’Sullivan and Guilbault [1999] has introduced such diverse applications of the 
TSM quartz sensors in vacuum systems as thin film deposition control; estimation of 
stress effects; etching studies; space system contamination studies and aerosol mass 
measurement and a plethora of others. 
 
TSM quartz sensor can also operate in liquid, due to the predominant thickness-shear 
mode.  The pioneer work by Kanazawa has first formulated the relation between the 
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frequency shift and liquid density and viscosity, which makes it possible to use TSM 
quartz sensors to investigate fluid properties [Kanazawa, 1985].  As Kanazawa said, if one 
took them as a mass or thickness measurement device only, there were many competing 
technologies.  However, the versatility of the TSM resonator, with its ability to be used in 
liquid environments as well as gas or vacuum, and the current ability to assess the quality 
factor of the resonance, could provide information not available using these other methods.  
[Handley, 2001] 
 
Kanazawa saw growing interest in interfacing the TSM resonators to electrolytic solutions; 
exploring coatings for chemical specificity; and making TSM resonators part of hybrid 
systems, possibly together with scanning tunnelling microscopy or surface plasmon 
resonance.  He also highlighted an exciting amount of activities in developing 
mathematical models to reflect properties of the film and/or liquid interface that will aid 
the interpretation of data.  Thought the means for acquiring undistorted data is now 
available in several forms, the ability to go directly from measurements to film properties 
would be a great step forward for the TSM sensors.  
 
The TSM quartz sensors coated with chemically-active films evolves an in-liquid 
measurement capability in largely analytical chemistry and electrochemistry applications 
due to its sensitive solution-surface interface measurement capability. Since piezoelectric 
crystals were first used for analytical application by King in 1964 [King, 1964], there has 
been a boom in the development of applications of the TSM quartz sensors including gas 
phase detectors for chromatography detectors [Konash and Bastiaans, 1980], organic 
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vapours [Guilault, 1983; Guilault and Jordan, 1988], and environmental pollutants 
[Guilault and Jordan, 1988; Guilault and Luong, 1988.].  
 
The past decade has witnessed an explosive growth in the applications of the TSM 
resonator technique to the studies of a wide range of molecular systems at the solution-
surface interface, in particular, biopolymer and biochemical systems.  A number of review 
articles have appeared in recent years that discuss the applications of TSM resonator 
technique as biosensors.  One review article by Mariz Hepel [1994] has outlined the 
applications of the TSM resonator as a fundamental analytical tool in biochemical systems, 
including transport through lipid layer membranes, drug interactions and drug delivery 
systems, and biotechnology with DNA and antigen antibody interactions.  And it was 
believed that the QCM s biggest impact will be on studies of biologically significant 
systems, such as transport through lipid bilayer membranes, drug interactions and drug 
delivery systems, and biotechnology with DNA and antigen antibody interactions.  Other 
applications of TSM resonators as biosensor included immunosensors, DNA biosensors, 
Drug analysis etc.  [O’Sullivan and Guilbault, 1999.] 
 
Sensitivity to non-gravimetric effects is a challenging feature of acoustic sensors discussed 
in recent years.  In Lucklum and Hauptmann’s latest review [2006], an overview of recent 
developments in resonant sensors including micromachined devices was given.  Also 
recent activities relating to the biochemical interface of acoustic sensors were listed.  
Major results from theoretical analysis of quartz crystal resonators, descriptive for all 
acoustic microsensors are summarized and non-gravimetric contributions to the sensor 
signal from viscoelasticity and interfacial effects are discussed. 




CHAPTER 3 EXPERIMENTAL SETUP AND INSTRUMENTATION 
 
3.1 EXPERIMENTAL SETUP 
 
The experiments were conducted with a Research Quartz Crystal Microbalance (RQCM) 
(P/N 603800, Maxtek Inc., Santa Fe Springs, CA), as shown in Figure 3.1. 
   (a)      (b) 
   
 
Figure 3.1 Apparatus: a) the RQCM set connecting to a crystal holder, (b) a liquid drop on 
top of the gold electrode active surface 
 
The heart of the RQCM system is a high performance phase lock oscillator (PLO) circuit 
which provided superior measurement stability over a wide frequency range from 3.8 to 
6.06 MHz.  A frequency range of 5.1 to 10 MHz was also available. 
 
Data collection was accomplished with a Data Acquisition Card and a software package, 
enabling the data logging with real-time graphing.  The data processing was performed 
with a personal computer. 
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The quartz crystals used are AT-cut quartz of 5 MHz resonant frequency, with 2.54cm in 
diameter and 0.33 mm in thickness, supplied by Maxtek, Inc. (Model SC-501-1, P/N 
149211-1).  The actual fundamental resonant frequencies measured with RQCM were 
within the range of Hz000,2± . 
 
Figure 3.2 Maxtek 1-inch Diameter Crystals- Electrode Configuration: (a) Rear Side 
(Contact Electrode), (b) Front Side (Sensing Electrode)  
 
The 160 nm thick top and bottom gold electrodes in polished form are vacuum-deposited 
onto a 15 nm chromium adhesion layer.  The upper electrode (grounded) with a larger 
diameter mmd uppere 9.12, =  is the active surface.  However, the effective area is limited by 
the smaller electrode (at rf potential) at the bottom with a diameter mmd lowere 6.6, = , 
resulting in a mass sensitive area of approximately 0.32cm2. [Martin et al., 1993] 
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The quartz crystals were mounted in the Teflon Crystal holder from Maxtek Inc (172205, 
S/N. 313).  Full coverage experiments were conducted with a 550 Model Probes flow cell 
(184208, S/N. 209). 
 
A continuously- focusable microscope (INFINITY Photo-Optical Company) was used to 
observed the liquid droplets on the electrode when necessary. 
A webcam was used to record the real-time spreading of the liquid droplet applied onto 




Precise solutions of certain weight percentage were delicately made with an Ohaus 
PRECISION Standard Lab Balance (Model TS120S, S/N: 3122) with a readability up 
to g001.0 . 
Viscosities were measured with a RheoStress rheometer (Model RS75) at 23.5°C. 
Volumes of liquid droplets were taken with a digital adjustable precision micropipette 
(Model PW10, WITOPET, Witeg Labortechnik GmbH). 
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3.3 LIQUID SPECIMENT 
 
In the experiments, different type of liquid in terms of viscosity, density, contact angle, 
spreading rate etc., including distilled water, glycerine and solutions at different weigh 
percentage, silicon oil at different grades and viscosity, as well as syrup and honey 
solutions were used to apply onto the quartz crystal. 
 
The commercial analytical grade glycerol was of weight percentage 99.5.   
Clean silicon gels were used to absorb the water in order to obtain pure glycerine, 
followed by filtering with a vacuum filtration system.   
 
The prominent advantage of using silicon oils was that despite a wide range of viscosity, 
the surface tension remains very small for different grades. 
Silicon oils of different viscosities were used in the experiments.  There were two brands 
of silicon oil used: Shin-Etsu Silicone and Toshiba Silicone used in our experiments.  
Different grades (KF- 96- 0.65 and KF- 96- 5 from Shin-Etsu Silicone and TSF 451- 50 
Toshiba Silicone) gave very different viscosities and slight variation in density and surface 
tension.  The properties were attached in Appendices A.3.   
Notes that silicon oil of low viscosity, such as KF- 96- 0.65 is highly volatilizable and thus 
is not recommended for experiments conducted in an open environment. 
 
Taikoo golden Syrup and Glucolin glucose were used for heaving loading. 
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All the solutions made were by mixing with distilled water on weight percentage. 
 
3.4 MISCELLANEAS  
 
The ambient temperature and relative humidity were monitored and recorded as 
C°± 5.05.23  and %550 ±  respectively.  
 
Before experiments, quartz crystals were cleaned with a ultrasonic cleaner with a working 
frequency of %647 ±kHz , followed by bathing in analytical grade ethanol, so that no 
water stains or other residuals left after cleaning. 
For experiments with silicon oils, due to their insolubility in conventional solvent such as 
water or ethanol, the quartz crystals were first cleaned with xylene. 
  
Droplets of liquid were added onto the centre of the active surface of the quartz crystals 
each time with a micropipette.  Real time frequency response and other parameters needed 
were recorded with a software package which came with the RQCM and processed with a 
personal computer. 
 
QCM is very sensitive to slight disturbances in the ambient, such as a blow of air on top of 
the electrode surface.  Therefore it was important to avoid such undesirable fluctuations. 
 
Each experiment was repeated 3 to 5 times to minimize random error and human error and 
is reproducible.   
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For liquid such as glycerine and its high percentage solutions, since it is highly prone to 
absorbing the moisture from the ambient, it was suggested that the samples stored inside 
covered air-proof glass bottles and should be consumed within one week. 
 
When using the micropipette, disposable plastic ultra plastic tips (0.1~ 10 Lµ ) were used 
to prevent cross-contamination and ensure the accuracy of the volume. 
 
Certain chemicals such as xylene and silicon oil KF-96L- 0.65 are harmful by inhalation 
and can be irritating by contact to skin.  Therefore these chemicals are to be handled with 
care and necessary protections such as fumehood, rubber gloves and surgery masks were 
recommended.




CHAPTER 4 EXPERIMENTAL RESULTS AND DISCUSSION 
 
4.1 VERIFICATION OF KANAZAWA EQUATION 
 
4.1.1 FULL COVERAGE 
 
In most of the liquid-phase application, including the Kanazawa Equation, the active 
surface area of the TSM resonator is immersed in the liquid of interest, which is 
referred as full coverage. 
As shown previously, Kanazawa and Gordon highlighted that f∆  is a linear function 
of LLηρ .  
 
Five different types of liquid were thus used with RQCM and flow cell for the full 
coverage experiment.   
 
Table 4.1 Experimental Data of Frequency Shift and Resistance 
 Liquid Resistance Frequency Shift 
a SO 0.65 Ct1 201.4 360 
b 10% glycerin2 375.2 638 
c Distilled Water3 391.7 578 
d SO 5 Ct1 656.4 960 
e 50% glycerin2 736.8 1022 
1
 Refer to Appendices A.3 Silicon Oil 
2
 Refer to Appendices A.2 Glycerine 
3
 Refer to Appendices A.1 Distilled Water 
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Using the impedance/ admittance analysis, for Newtonian liquid,  





0−=∆Γ−=∆    (4.1) 
Combined with Equation 2.14, 14/ LRL pi=∆Γ , it can be deduced that 
    14/ LRf L pi−=∆     (4.2) 







=  , the ideal theoretical slope for f∆ vs. 
LR is thus given by substituting all the physical properties of AT-cut quartz: 











  (4.3) 
 
The experimental results were thus plotted in Figure 4.1. 




















Figure 4.1 Resonant frequency shifts of different liquid vs. the Resistance.  The dots are 
from experimental data.  The straight line represents the theoretical value from 










A reasonable agreement of experimental and theoretical value was observed at low 
resistance ( Ω≤ 400R ).  However, large deviations occurred at high resistance of high 
viscosity liquid.  The experimental values for higher viscosity liquid were always smaller 
than the predicted values calculated from Kanazawa’s Equation. 
 
Kankare et al. [2006] observed a similar trend in their work.  However, the conformity 
observed was excellent up to 92% glycerine.  The discrepancies between Kankare’s work 
and ours may be attributed to the different experimental conditions, such as temperature, 
humidity, ambient contamination etc. 
 
4.1.2 PARTIAL COVERAGE 
 
While the Kanazawa equation assumes full coverage of one electrode and a uniform 
sensitivity, a correction factor must be included if the electrode is only partially covered 
by a contacting material.  This is because of the fact that there is a Gaussian distribution of 
shear wave amplitudes at the electrode surface that has a maximum at the center and 
decays monotonically toward the outer edge of the electrode [McKenna, 2001]. 
 
As shown earlier in Equation 2.18, for partial electrode coverage, it is assumed that the 












)( −=∆ . 
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It has been discussed in the previous chapter that the experimental measurements of 
( )S r indicate that ( )S r can be described adequately by a general Gaussian function in 




rKrS A β−= . 
Previous measurements have indicated that 2β ≈ . [Lin, 1994] 
 
As a result of this non-uniformity, the TSM resonator is most sensitive at the center of its 
electrodes.  A sensitivity factor AK  is thus introduced to account for the variation of the 
oscillation amplitude across the crystal surface.  It is defined that that AK  is a function of 
the fractional coverage 0/ AAc  and contact radius cr , where A is the actual contact coverage 
and A0 is the area of the active circular quartz electrode.  























   (4.4) 
where cr  is the contact radius ( 2cc rA pi= ), qr  is the radius of the disk, and )(ru is the 
oscillation amplitude at the distance r from the axis of symmetry. 
 
In the full coverage case when 0AAc ≥ , simplify Eq. 4.4 by treating qr as infinity to obtain: 





K ccA β−−=    (4.5) 
For small coverage when 0/ 0 →AAc , AK  reduces to β== 0,AA KK . [Kunze et al., 
2006; Nunalee and Shull, 2006] 





















Figure 4.2 Frequency Shift vs. LLηρ  for Water, 10% Glycerine and 50% Glycerine.  
The data (■) represents the full coverage, and the data (▲) represents the partially 
coverage. 
 
It can be seen from the figure that the ratio between the frequency shift of full coverage 
and that of partial coverage was not constant and increased as LLηρ  increased. 
 
However, with very close value for surface tension of distilled water and glycerine 
solutions, the contact area of a small droplet should not have varied much.  This statement 
could be verified by the images taken with a continuous focusable microscope, as 










Figure 4.3 Liquid droplets on golden electrode taken with a Continuous Focusable 
Microscope: (a) Distilled Water; (b) 50% Glycerine Solution 
 
The increasing ratio between the frequency shift of full coverage and that of partial 
coverage could be attributed to the inaccurate reading of frequency shift for liquid of high 
LLηρ  at full coverage, as discussed earlier in 4.1.1. 
 
Therefore, for liquid with high viscosity or density, it was not advisable to predict the 
contact area with the partial coverage approach. 
 
4.2 DETERMINATION OF CONTACT ANGLE 
 
As a starting point for investigating interfacial surface tension and energy, contact angle 
phenomena have been studied for centuries which have inspired many methodologies for 
determining the contact angles.  Recently, the quartz crystal microbalance (QCM) which 
comprises an AT-cut quartz crystal coated with gold electrodes has been widely served as 
a chemical sensor to probe diverse interfacial properties, such as the wet ability of liquids 
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or polymer gels on solid surfaces [Lin et al., 1994; Lin et al., 1996; Nunalee and Shull, 
2004; Kunze, Shull, and Johannsmann, 2006]. The QCM has been proven to be a 
suggested method for gaining direct information of contact angles on solid surfaces. 
 
Kunze et. al. [Kunze, Shull, and Johannsmann, 2006] suggested an extended sheet-contact 










    (4.6) 
where *loadZ  is the load impedance of the liquid. 
 
*
loadZ  was related to the density lρ , the viscosity Lη of the liquid and the resonant 





=     (4.7) 
 




K cA  in Equation 4.6 was approximated to )2exp(1
0A
Acβ−− , where 
the value of β  is generally around 1 for the oscillation at the fundamental frequency.  [Lin 
and Ward, 1996] 
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The liquid droplet on the QCM surface was assumed to be a spherical cap with radius R , 
















dVr , 2 2 2sincA r Rpi pi θ= =  (4.8) 
 
Neglecting the effect of gravity, 2r was expressed in terms of dV andθ  as 
3/22














=C    (4.10) 




























CC θβ−=     (4.12) 
By plotting 1lnC  versus
3/2






The defined constant 1C  was calculated based on the experimental results for f∆ , while 
θC was calculated from the slope of the plot.  Thus with Equation 4.10, the best numerical 
fit for the value of the contact angle θ  can be obtained.  
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Figure 4.4 shows a typical plot of stepwise changes of the resonant frequency upon 
sequential additions of controlled amounts of distilled water drops to the centre of the 
QCM surface.   
 
Figure 4.4 Frequency Change upon Sequential Additions of Controlled Amounts of 
Distilled Water Drops on to the Centre of the QCM Surface. Arrows 1-10 indicate the 
times of injections of the liquid drops onto the QCM surface. 
 
It was revealed that the addition of one drop of distilled water (1 µL ) to the centre of the 
gold electrode resulted in an immediate and very rapid decrease in QCM frequency.  As 
sequential drops of controlled volume (1µL ) were added, further decreases in the resonant 
frequency of similar style were observed.  However the magnitude of the frequency shift 
each time became less and less because of the less sensitivity at the off-centred area as 
well as a smaller fundamental resonator frequency. 
 
Changes in the resonant frequency due to addition of distilled water drops to the centre of 
the QCM surface were tabulated in Table 4.2, where each value of the frequency shift is 
the mean value of eight groups of experimental data.  
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Table 4.2 Changes in the Resonant Frequency  
with Every Additional 1µL Added onto the Electrode 
 
Volume (µL ) Frequency Shift a f∆ ( Hz ) 
1 - 71.61  
2 - 106.10  
3 - 140.02  
4 - 166.31  
5 - 188.18  
6 - 204.29  
7 - 221.80  
8 - 236.97  
9 - 250.45  
10 -260.76  
 
a
 Each value for the frequency shift is the mean of eight groups of experimental data. 
 
Figure 4.5 shows a plot of 1lnC versus
3/2
dV which indicated that 1lnC  decreased 
monotonically with increasing values of 3/2dV .  
 
Figure 4.5 Linear fit of 1ln C  versus 2/3dV .  
The data (■) represent the loading of different volumes of droplets. 
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Numerical fitting of the data according gave 8474.1=θC , resulting the value of the 
contact angleθ  between the distilled water droplet and the gold electrode to be 28°.  
 
According to Gardner and Woods [Gardner and Woods, 1973; Gardner and Woods, 1974; 
Gardner and Woods, 1977], freshly cleaned gold plates produced zero contact angles. 
However, as gold readily adsorbs contaminants from the air, the gold surfaces with 
exposure to air less than 30 seconds were found to have non-zero contact angles, usually 
5°-10°. [Biggs and Mulvaney, 1994.] 
Longer periods of exposure to the lab atmosphere, shown by Neto [Neto, 2001], resulted 
in the contact angles between 15° and 30°, and eventually to 47° after 15 minutes.  
Therefore the contact angle measured with the RQCM in the experiment gave a reasonable 
estimation. 
 
The discrepancies between the literatures results and ours may be due to ambient 
contaminants that readily adsorb on the gold surface, changing its hydrophobicity.  Further 
more, these differences may be due to departure from the assumption of a spherical 
geometry for the water drop. 
 
4.3 TIME-DEPENDENT RESPONSE 
 
It has been observed in the experiments that for certain kind of liquid, the frequency 
response may take some time after the initial contact to the electrode, to reach a stable 
value. 
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It is thus crucial to grasp the factors involved and mechanism behind for a better 
understanding and utilization of the TSM resonators.  In this section, two types of liquid, 




While the Newtonian fluid description works perfectly well with simply fluids at 
relatively low viscosity, it can be inadequate at high operating frequencies or high fluid 
viscosities [White, 1979].  
 
In the experiments, an unusual phenomenon of glycerine was observed: when a given 
volume of glycerine was added to the centre of the resonator, the frequency decreased 
precipitously upon the initial contact of the mass, followed by a monotonic increase.  
When a maximum value of f∆  is reached, the frequency started declining slowly. 
 
To verify the effect of viscosity on the frequency shift pattern, glycerine solutions of 
different weight percentage were used for a series of experiments.   
50%, 90%, 95% glycerine solutions by weight percentage exhibited no different pattern 
from distilled water, as shown in Figure 4.6. 
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(a)       (b) 
 
(c)      (d) 
 
Figure 4.6 Similar Pattern of Frequency Shift for Relatively Low Percentage Glycerine 
Solutions and Distilled Water: (a) 50% Glycerine Solution; b) 90% Glycerine Solution;  
c) 95% Glycerine Solution; d) Distilled Water. 
 
The viscosity and density of glycerine solution at different weight percentage were 








































CHAPTER 4 EXPERIMENTAL RESULTS AND DISCUSSION 
 
 42 
Table 4.3 Viscosity and Density of Glycerine Solution 
at Different Weight Percentage at 23.5 °C 
 
Weight Percentage (%) Viscosity 1 η  ( smPa ⋅ )  Density 2 ρ  ( mlg / ) 
50 5.3 1.1306 
90 170.8 1.2349 
95 388.5 1.2480 
96 466.5 1.2506 
97 564.6 1.2532 
98 687.8 1.2558 
99 844.9 1.2584 
100 1047.0 1.2610 
 
1
 The viscosities of glycerine solutions at different weight percentage and temperatures 
were provided and verified by the Fluid Mechanics Division (shown in Appendix A.2) and 
a MATLab program was written for interpolation. 
2
 The density of glycerine solutions at different weight percentage were calculated with 
Equation )/()( wggwggm mmmm ρρρ ++= , where density of glycerine mlgg /261.1=ρ , 
density of water mlgw /9982.0=ρ . 
 
 
When the weight percentage went up to 97% and above, a consistence in the pattern of 
frequency shift were observed, as shown in Figure 4.7. 
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      (a)       (b) 
 
      (c)      (d) 
 
Figure 4.7 Similar Pattern of Frequency Shift for Glycerine Solutions  
at Different Weight Percentage: a) 100% Glycerine Solution; b) 99% Glycerine Solution;  
c) 98% Glycerine Solution; d) 97% Glycerine Solution 
 
Figure 4.8 compares the frequency responses of glycerine solutions at 10%, 70%, 90%, 
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Figure 4.8 Frequency Responses of TSM Resonator with the Loading of a 2µL Aqueous 
Droplet Containing Different Weight Percentage of Glycerine onto the Electrode 
 
 
It can be observed from Figure 4.8 that as the weight percentage increased, the frequency 
shift became larger and larger, which is reasonable considering the larger density and 
viscosity of glycerine solution as higher weight percentage.  However, it is interesting to 
note that the maximum frequency shift is quite close for glycerine solutions at 95 wt% and 
above.  Also, for glycerine solutions up to 98 wt% and above, the frequency response 
exhibited a gradual increment after the initial contact of loading.  
 
This pattern was similar with the elastic behaviours described in Lin’s work [1994]. 
Lin attributed this phenomenon to the fact that rigid solids and Newtonian fluids have 
different values of decay lengthδ .  The decay length of a rigidly elastic film with 
negligible acoustic loss is very large, whereas the decay length of Newtonian fluids has 
submicrometer dimensions.  Therefore, as the rigid mass spreads across the electrode, the 
overall mass detected by the QCM resonator remains constant, but redistributed to the less 
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sensitive regions, causing the detected change in frequency decreases.  On the contrast, for 
a Newtonian liquid, the effective mass sensed by the QCM resonator increases as the 
liquid spreads because the thickness probed by the electrode is limited by the decay length, 
which is constant. 
 
There have not been many reports in the literature where over 90% glycerine was 
measured on a TSM resonator.   
Martin et al. [1997] made a series of measurements with glycerine solutions between 0 
and 92% using a network analyzer and Bund and Schwitzgebel [1998] measured 98% 
glycerine, also using a network analyzer.  According to Maxwell’s fluid theory, 
viscoelasticity is caused by a relaxation process [Litovitz 1964]. Bund and Schwitzgebel 
[1998] thus claimed that the deviation of the results was due to the considerable elasticity 
exhibited in the medium viscous liquid glycerol (98%), resulting from the relaxation of 
separate molecules.   
 
Kankare et al. [2006] also noticed in their work that highly viscous solutions induced 
strong losses and often the conventional methods gave unreliable results.  However, they 
argued that even at 10 MHz the contribution from viscoelasticity is still very small 
compared with experimental errors and glycerine could still be treated as a Newtonian 
liquid.   
Thus the reason for deviation remains open. 
 
 
CHAPTER 4 EXPERIMENTAL RESULTS AND DISCUSSION 
 
 46 
4.3.2 SILICON OIL 
 
As it has been discussed earlier in the literature review, the mass sensitivity is largest in 
the centre of the electrode region of the resonator and decays monotonically toward the 
electrode edges. 
The experimental measurements of ( )S r indicate that ( )S r can be described adequately by 




rKrS A β−= , as given in Equation 2.17, 
where K represents the maximum sensitivity at the centre of the resonator ( 0r = ), er is the 
QCM electrode radius, and β  is a constant that defines the steepness of the sensitivity 
dependence on r .  
 
However, in reality, it is impossible for a sessile droplet on solid surface to have a uniform 
thickness wherever sufficiently larger than the penetration depthδ .  Once a liquid drop is 
placed in contact with the QCM surface, it will spread spontaneously and uniformly in all 
directions.  In order to get more accurate result, it is essential to consider the effect due to 
the drop geometry.  
 
The spreading process of the drop can be well characterized by its decreased dynamic 
contact angle and its increased base radius.  When gravitation is negligible and capillary 
acts as the main driving force for spreading, the shape of a small droplet is found to be 
rather close to a spherical cap, as shown in Figure 4.9.  
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Figure 4.9 Schematic view of a liquid drop localized on the QCM surface with contact 
angle θ, drop radius R, and radius of interfacial contact r. 
re denotes the edge of the active electrode. 
 
Herein we account for the contribution of the specific geometry of the liquid droplet on 
the resonant frequency changes of the TSM resonator.  Consequently, the equivalent 
thickness sensed by the TSM resonator can not remain unchanged as half penetration 
depth / 2δ .  In this case, the Kanazawa equation which describes the response of the QCM 
contacting with semi-infinite liquid can be seen to be oversimplified.  Instead, the resonant 
frequency shift caused by adding a liquid drop on the electrode surface is given by a more 




















where br is the base radius of the drop and ( , )h r t is the dynamic drop height at radius r . 
 

































c θθ  (4.14) 
Drop on its Equilibrium State 
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and ( )xr t is the radius where h  falls within the effective rigid layer thickness / 2δ .  
Therefore, ( ( )) / 2xh r t δ= .  
 
The contact radius of the drop br  is the parameter that characterizes the shape and size of 
the droplet.  Rather than a constant, the contact angle θ  may change with br .  However, it 
is important to note that the contact angle θ  is not a function of r . 
 
According to Equation 4.14 and ( ( )) / 2xh r t δ= , it could be found that 
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, Equation 4.16 can be approximated by: 










rr     (4.17) 
 




















βδpiρ  (4.18) 
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δθ +=+≈+=  
 
The second term in parenthesis in Equation 4.18 indicates the effect of non-uniform height 
of the drop, which reduces the magnitude of the frequency shift upon the drop loading. 
 
The cumbersome expression of Equation 4.18 hampers the obtaining of an explicit relation 
between f∆ , br andθ .  








































yarK e −−∗−= θθβδpiρ    (4.19) 
 
It is noted that the silicon oil has exhibited complete spreading which means its contact 
angle is near zero and thus the value of cot is large. On the other hand, the drop size cr  is 






Thus, we can approximate a constant value for y equal to cot over the interval. 
Accordingly, Equation 4.19 was rewritten as: 





























rrKerKf βθβδpiρθβδpiρ  (4.20) 
 
Normalizing f∆ by the Kanazawa equation,
2
2
Kanazawa erf Kpiρ δ β∆ = , Equation 4.20 can be 





















ff βθ   (4.21) 
 
Thus the magnitude became a function of contact angle θ  and the base radius of the oil 
droplet br  to account for the effect of changes in droplet shape and spreading rate. 
Spreading on smooth surfaces has been investigated for many years, and several authors 
have derived the time dependence of the radius and contact angle of a spreading droplet. 
In Gerdes’ work [1997], an approximated formula for the dynamic angleθ  of a liquid 
wedge spreading on a dry surface was derived 








=− QRCAeq ln933 θθ    (4.22) 
 
where AC , the capillary number, refers to the dimensionless quantity / LVUη γ , where U  
and LVγ  are the spreading velocity and surface tension, respectively; Λ is the microscopic 
cut-off introduced in order to avoid a singularity in the solution in the hydrodynamic 
approach; dissipative term Q  refers to the dissipation at the contact line, and is zero for 
complete wetting systems.  








3θ     (4.23) 
 
As Λ plays only in a logarithmic term, Equation 4.23 is often approximated to the so-
called Hoffman-Voinov-Tanner law which is the result of the zero-order approximation of 
the hydrodynamic analysis of steady-state forced spreading: 
    )(93 ACΦ≈θ      (4.24) 
where Φ  is a numerical constant, approximately to 13 [Voinov, 1976; Tanner, 1979; 
Hoffman 1975].   
 
The Hoffman-Voinov-Tanner law has been shown to be valid up to dynamic contact 
angles of 150 degrees [Voinov, 1976].  It is important to note that the Tanner law is 
adopted here only for the derivation of simple formulae.  Any other more sophisticated 
relation between the dynamic contact angle and the capillary number (i.e. higher order 
solutions in AC  considered by Cox [1986]) could be incorporated within our approach, 
because the basic principle of various hydrodynamic models remains the same despite 
minor refinements in their details.  
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From Equation 4.23, the factor is ( )9ln R Λ .  R , being the macroscopic length scale, is 
approximately 1mm, while the molecular length scale Λ is on the order of a nanometre.  
Therefore, the factor Φ9  is around 120, correspondingly.  
An early attempt to derive the rate of spreading was advanced by de Gennes [1985].  The 
‘spreading law’ derived can be written as 
3m 1 mLVR tVγ
η
+
=     (4.25) 
 
Accordingly, the time dependent radius of the droplet cr  can be expressed as 

















  (4.26) 
 
Thus, the spreading velocity U  can be obtained as follows: 























Combining Equation 4.24 of contact angle θ  and Equation 4.27 of the spreading rateU , a 
general formula for the dynamic contact angle was found as follows: 
( )
( ) ( )
1/3
-3m 3m+1






 =  +   
 (4.28) 
 
KF- 96L- 5 and TSF451- 50 silicon oil were used to carry out the experiments exposed to 
the ambient.  KF-96L-0.65 was not used due to its high volatility.   




When Lµ2  of silicon oil was applied onto the contacting electrode, it spread out instantly.  
A video was taken simultaneously to observe the spreading rate of the silicon oil. 
 
For silicon oils, after the initial precipitous decrease upon contact, the frequency response 
fluctuated before it started to increase steadily and reached a stable value, as shown in 
Figure 4.10. 
 
Figure 4.10 Frequency Responses for Silicon Oil KF- 96L-5 
 
Given that 50mPasη = , -220mJmLVγ = and 2µLV =  in our experiment, it was found that 
the calculated normalized frequency shift is consistent with the experimental data as the 
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As reported by de Gennes [1985] and Tanner [1979], Φ  is a numerical constant, 
approximately to 13, which is close to our numerical fitting.  The fitting-curve for the 
normalized frequency shift is given by Fig.4.11.  

















Figure 4.11 Calculated Normalized Frequency Shift upon Addition of a 2µL Droplet of 
Silicone Oil onto the Electrode. (The time zero is set to be the instance time when the drop 
contacts with QCM surface.) 
Fitting properties: m=3.5, Φ =12.  
 
In addition, the kinetics of the base radius and dynamic contact angle, corresponding to 
the spreading process of the silicone oil drop, were also obtained from the curve-fitting 
procedures, as shown in Fig.4.12. 
Both figures are plot as a function of time where the time zero is set to be the instance 
time when drop contacts with the QCM surface.  
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Figure 4.12 The Kinetics of the Base Radius and the Dynamic Contact Angles 
 
 
The theoretical curve demonstrates the key features within the experimental results, 
suggesting that the abnormal increase in the resonant frequency of the QCM is possibly 
arisen from the drop spreading which is characterized by its decreased dynamic contact 
angle and its increased base radius. 
 
Videos of the droplet spreading on QCM surface were recorded by a video camera 
simultaneously from the top.  The images were evaluated by an image analysis system. 
The time evolution of the contact radius of the silicone oil drop throughout the spreading 
process was obtained.  The experimental data are fitted by a power function, yielding the 
solid line in Fig.4.13.  




Figure 4.13 Base radius of a silicone oil droplet spreading on the QCM surface versus 
time. These data were acquired from images taken by a video camera. The solid line is 
obtained by the curve-fitting.  
 
The corresponding value of the exponent m (m=3.3) obtained by curve-fitting procedure is 
close to the estimation (m=3.5) acquired by the QCM data.  Therefore, the results of the 
video camera confirm the validity of the model proposed in describing the distinct pattern 
of the frequency shift of the TSM resonator upon the progressive spreading of the silicone 
oil drop that is characterized by its base radius and dynamic contact angle.  
 
The above analysis suggested that the observed response of the TSM resonator loaded 
with a spreading droplet of silicone oil is being driven by the dynamic wetting behavior of 
the solid-liquid system (i.e. silicone oil).  However, the deviation between the 
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experimental data and the fitting-curve becomes pronounced at the end of the 
measurement.   
 
The discrepancies may be due to several reasons:  
Firstly, the droplet is more flattened during its spreading towards the end so that the 
assumption of spherical-cap shape may not be valid any longer.  Secondly, it is possible 
that the effective thickness of the drop sensed by the QCM is underestimated because the 
shear wave actually propagates beyond δ/2.  Thirdly, the compressional wave perturbation 
coupling with the shear wave is also possibly contributory to the observed discrepancy 
[McKenna et al., 2001].  Furthermore, the variation in Φ in the Tanner law   
accompanying with the different velocities between the low- and high-velocity spreading 
regimes cannot be neglected.  Such variation up to 40% has been reported by other 
researchers [Gerdes et al., 1997].   
Although the theoretical model seems to be oversimplified, many basic issues related to 
dynamic spreading phenomena can be reflected by the TSM resonator readings. Therefore, 
it is expected that the TSM technique offers potential to systematically explore the diverse 
properties of adsorbed material such as the spreading of aqueous drop. 
 
4.4 HEAVY LOADING 
 
From the impedance/ admittance analysis previously in Chapter 2, it is noted that 
increasing the inductance does not affect the magnitude of the real part of the impedance 
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or admittance.  Rather, at low loadings the values of the resonant frequencies will shift to 
lower frequencies with increasing values of LL and fL , because the total inductance is 
given by: 
    fLtotal LLLL ++= 1      (4.29) 
 
However, at higher loadings, the contribution of LL  and fL  to the total inductance can 
become appreciable and the sensitivity of the QCM decreases according to Equation (4.30) 
[Buttry and Ward, 1992]. 
    )(2// 1 fL LLLdLfdf ++−=   (4.30) 
Typically, QCM measurements are considered accurate provided the mass of the film does 
not exceed 2 % of the mass of the crystal. 
 
While experimenting with syrup solution of 50% and 90%, it was observed that the 
frequency first decreased precipitously upon the initial contact of the liquid, followed by a 
further monotonic decrease.  When a maximum value of f∆  is reached, the frequency 
started increasing monotonically until it overshoot and went beyond the measure range, as 
shown in Figure 4.14. 


































Figure 4.14 Frequency Responses in RQCM for 10% Syrup Solution, 50% Syrup 
Solution, and 90% Syrup Solution 
 
Similar results were obtained for honey solution of 50% and 90%. 
 
From Figure 4.14, two trends can be observed.  As the concentration of syrup solution 
goes up, the initial frequency shift upon contact increases.  This is because of the 
significant increase in the density and viscosity of the solution causing the increase 
in LL µρ term.  Also, it can be noted that the time required to reach the maximum value 
of frequency shift is less as the concentration of syrup solution is higher. 
 
It was observed by other researcher that the frequency increases continuously after the 
initial decrease upon contact, and finally exceeds the initial frequency before loading for 
experiments of cell attachment [Marxer et al., 2003]. 
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Marxer believed that the frequency increase was not due to cell desorption or instrument 
induced artifacts, but rather an indication for the breakdown of the Sauerbrey equation, 
that the cells might alter their viscoelastic properties, such as stiffening. 
 
4.5 SURFACE ROUGHNESS 
 
It has long been known that crystal with a rough surface has an excess liquid phase 
response.  Several researchers attributed this effect to that a rough surface can trap a 
quantity of fluid in surface depressions. [Schumacher et al., 1987; Beck et al., 1992] 
Since the trapped fluid is constrained to move synchronously with the surface oscillation it 
contributes an additional response nearly identical to an ideal mass layer.  It has been 
shown that the rough device exhibits a significant increase in frequency shift f∆ over the 
smooth device due to this trapping phenomenon.  Moreover, it was indicated that even 
“smooth” device may have enough roughness to account for the slight increase in f∆  over 
the predicted value for an ideally smooth surface. [Martin, 1997] 
Crystal surface roughness may increase the magnitude of the liquid phase induced 
frequency change by several kilohertz as observed by Bruckenstein et al. [Bruckenstein 
and et al., 1994] 
 
It has always been desirable to obtain high sensitivity at low concentration of analytes.  
One way of achieving this has been to enlarge the active area of the electrode, thus 
allowing a larger number of analyte molecules per crystal.   
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In this project, to investigate the effect of surface roughness in improving sensor 
sensitivity, some of the quartz crystals were fabricated with SU8 pillars. 
 
A thin layer of SU8 was formed onto the top of the gold electrodes of the quartz crystals 
with spin coating.  The desired portion of SU8 were exposed to UV light, known as 
photolithography, followed by immersion into a specific liquid to remove the unwanted 
portion of SU8 which were not affected by the UV light. 
 
Eventually SU8 cubes of size 50 mµ *50 mµ *50 mµ  were formed on the electrode, and the 
distance between cubes were also 50 mµ , as shown in Figure 4.15. 
 
 
Figure 4.15 Layout of SU8 Modified Quartz Crystal Surface 
 
All patterns in 50µm, totally 11177 patterns 
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From the experiments, the sensitivity of the quartz crystals with surface treatment was 
superior to the ones without. 
From Figure 4.16, it can be observed that with the same amount of mass loading (2 µL of 
water), the initial frequency change increased from 105 Hz with unmodified surface to 
3611 Hz with modified surface, with an magnification of 36 times. 
   (a)      (b) 
 
 
Figure 4.16 Frequency change for Sequential Additions of 2µL  Distilled Water on: 
 (a) Unmodified Surface, (b) SU8 modified surface 
 
However, the sequential additions did not cause the consistent amount of magnification, 
which could be a potential drawback of improving the sensitivity by increasing the surface 
roughness with SU8 pillar structures. 
 
Similar experiments were carried out with 50% glycerine on unmodified and modified 



















Time (s) Time (s) 
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   (a)      (b) 
 
Figure 4.17 Frequency change for Sequential Additions of 2µL  50% Glycerine on: 
 (a) Unmodified Surface, (b) SU8 modified surface 
 
It was also important to note that for different type of liquid used, namely distilled water 
and glycerine, the magnification factor was not the same, with 36 times and 3.4 times 
respectively.  Also, the ratio does not remain constant as successive droplets were added 
onto the electrode, as shown in Table 4.4. 
 
Table 4.4 Changes in the Resonant Frequency  
with Every Additional 2µL Distilled Water Added onto the Electrode 
Accumulated Volume Frequency Shift 
 (Plain Surface) 
Frequency Shift 
 (Modified Surface) 
2µL  105 3611 
4µL  180 5455 
6µL  216 6200 
8µL  236 6230 
10µL  258 6248 
 
This phenomenon may partially due to the increased surface area with the pillar structure.  
However, the qualitative analysis still requires more experiments on the modified surfaces 
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Van Noort et al. [2001] have done some pioneer work in improving the sensitivity of TSM 
resonator for biosensing by using porous gold.  They showed with supporting experiments 
that by rendering the electrodes porous, the contact area was significantly enlarged, thus 
the response was increased up to a factor of 3. 
However, it is important to note that this modest improvement of response still calls for 
refinement as a continuous increase of the porous layer will eventually result in a decrease 
of the crystal response sensitivity [Komplin et al., 1993]. 




CHAPTER 5 CONCLUSION 
 
The QCM has been extensively used as sensitive sensors to measure small mass changes 
or to monitor thin-film deposition and gas adsorption.  Though TSM resonator has been 
used for more than half a century in connection with the film fabrication by vacuum 
evaporation, the real boom started in 1980s as Nomura et al. [1982] and Konash and 
Bastiaans [1980] reported on the use of an oscillating quartz crystal under liquid. 
In most of the cases, the TSM resonator has been used only for gravimetric measurement 
on the quartz surface.  More recently, there has been increasing awareness in studying the 
frequency shift caused not only by the mass change but also change in liquid properties, as 
well as the effect of surface conditions. 
 
 
In this project, the classic Kanazawa equation was challenged with experiments and 
deviations were observed at high viscosity liquid.  Experiments with both full coverage 
and partial coverage were conducted and useful results were obtained. 
A novel method for determination of contact angle was proposed by adopting Lin’s single 
droplet to multiple droplets [Lin, 1996].  The precision was enhanced and proven to be 
comparable to that of optical goniometry. 
 
Time dependent responses were investigated under the circumstances of high percentage 
glycerine solutions and silicon oil.  Effects of viscoelastic material and spreading rate 
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were discussed, respectively.  An understanding of wetting and spreading is crucial from a 
practical point of view because it is essential in many industrial coating operations and 
from a natural point of view its description yields valuable information concerning the 
solid-liquid interactions.  A model taking the change in contact angle induced by oil 
wetting into account was proposed and successfully explained the frequency response in 
the TSM resonator. 
 
With syrup solution and honey solution, unusual frequency responses were observed: the 
frequency increases continuously after the initial decrease upon contact, and finally 
exceeds the initial frequency before loading.  The effect of heavy loading was looked into, 
while the mechanisms behind remain in question. 
 
Lastly, the possibility of enhancing the sensitivity of TSM resonator by surface roughness 
modification was probed and relevant experiments were carried out.  It was found out that 
the sensitivity of the TSM resonator was enhanced significantly with the SU8 pillar 
structure. 




CHAPTER 6 RECOMMENDATIONS AND FUTURE WORK 
 
Thanks to its inherent ability to monitor analytes in real time, the TSM resonator has 
found a wide range of application in areas of physical, chemical, biological, environmental 
and clinical analysis since its discovery.  
 
Several issues still need to be addressed, however, to achieve a better understanding of the 
interaction between acoustic devices and contacting media, therefore a fully utilization of 
the TSM resonators in both scientific and engineering enterprises. 
 
The reason for the unusual behaviour of highly viscous liquid remains open.  More liquid 
specimens with viscosities comparable with 98% glycerine solutions are needed for 
further investigation. 
The effect of SU8 pillar structures built onto the electrode turned out to be very interesting.  
Quantitative analysis with modification in the dimensions of the pillar structures is 
expected.  Dimensions including the height and width of the cube, and the spacing in 
between the structure may be altered to achieve the optimal results in improving the 
sensitivity of TSM resonator. 
There are also research works going on in organic or biochemical modifications onto the 
piezoelectric surfaces.  It has been shown experimentally that the state of hydrophobicity 
or hydrophilicity of the surface of the contacting electrode can influence its response.  It is 
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thus suggested that, besides SU8, the gold electrode could be modified with other 
materials, for example hydrophilic and hydrophobic materials.  
 
Apart from liquid, there has been increasing interest in studying polymer gels in contact 
with coated surface of a TSM resonator.  Some quantitative study in the determination of 
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APPENDICES A: LIQUID PROPERTIES 
 
A.1 DISTILLED WATER 
 
At 20°C, 
Viscosity Lη = 0.89 smPa ⋅  







Temperature (°C) Glycerine percent 
weight 0 10 20 30 40 50 60 70 80 90 100 
0 1.792 1.308 1.005 0.8007 0.656 0.5494 0.4688 0.4061 0.3565 0.3165 0.2838 
10 2.44 1.74 1.31 1.03 0.826 0.68 0.575 0.5 – – – 
20 3.44 2.41 1.76 1.35 1.07 0.879 0.731 0.635 – – – 
30 5.14 3.49 2.5 1.87 1.46 1.16 0.956 0.816 0.69 – – 
40 8.25 5.37 3.72 2.72 2.07 1.62 1.3 1.09 0.918 0.763 0.668 
50 14.6 9.01 6 4.21 3.1 2.37 1.86 1.53 1.25 1.05 0.91 
60 29.9 17.4 10.8 7.19 5.08 3.76 2.85 2.29 1.84 1.52 1.28 
65 45.7 25.3 15.2 9.85 6.8 4.89 3.66 2.91 2.28 1.86 1.55 
67 55.5 29.9 17.7 11.3 7.73 5.5 4.09 3.23 2.5 2.03 1.68 
70 76 38.8 22.5 14.1 9.4 6.61 4.86 3.78 2.9 2.34 1.93 
75 132 65.2 35.5 21.2 13.6 9.25 6.61 5.01 3.8 3 2.43 
80 255 116 60.1 33.9 20.8 13.6 9.42 6.94 5.13 4.03 3.18 
85 540 223 109 58 33.5 21.2 14.2 10 7.28 5.52 4.24 
90 1310 498 219 109 60 35.5 22.5 15.5 11 7.93 6 
91 1590 592 259 127 68.1 39.8 25.1 17.1 11.9 8.62 6.4 
92 1950 729 310 147 78.3 44.8 28 19 13.1 9.46 6.82 
93 2400 860 367 172 89 51.5 31.6 21.2 14.4 10.3 7.54 
94 2930 1040 437 202 105 58.4 35.4 23.6 15.8 11.2 8.19 
95 3690 1270 523 237 121 67 39.9 26.4 17.5 12.4 9.08 
96 4600 1580 624 281 142 77.8 45.4 29.7 19.6 13.6 10.1 
97 5770 1950 765 340 166 88.9 51.9 33.6 21.9 15.1 10.9 
98 7370 2460 939 409 196 104 59.8 38.5 24.8 17 12.2 
99 9420 3090 1150 500 235 122 69.1 43.6 27.8 19 13.3 




A.3 SILICON OIL 
Properties provided by distributor (25°C): 
Grade Kinetic Viscosity ( smm /2 )  
Specific 
Gravity Viscosity( smPa ⋅ )  
Surface Tension 
( mmN / ) 
KF-96L-0.651 0.65 0.760 0.494 15.9 
KF- 96L- 5 5.0 0.915 4.475 19.7 




 Toshiba Silicone  
 
 
Viscosity Measured by RheoStress rheometer (Model RS75) (23.5°C) 
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A.4 SYRUP SOLUTION 
Viscosity Measured by RheoStress rheometer (Model RS75) (23.5°C) 
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APPENDICES B: REPRESENTATIVE QCM SYSTEMS AND ANCILLARY EQUIPMENT [Handley, 2001] 
Table B-1. Representative QCM Systems and Ancillary Equipment 
Manufacturer Elchema 
P.O. Box 5067 




Two Technology Place 
East Syracuse, NY 
13057 315-434-1100 
www.inficon.com 
Institute of Physical 
Chemistry 
Polish Academy of 
Sciences 
Kasprzaka 44 
01-224 Warsaw, Poland 




35 Cable Depot Rd. 
Riverside Industrial Estate 
Clydebank, Scotland 
G81 1UY, United Kingdom 
44 141 952 0087 
www.intellemetrics.com 
EQCN-700 IC/5 thin-film 
deposition controller for 
closed-loop control of 








deposition monitor for 
either deposition or etch 
monitoring 
Quartz crystal holder, 
electrochemical cell 
with reference and 
auxillary electrodes as 
well as a controller; 
user's potentiostat 
needed 
IL150 film thickness monitor 
Resolution     
Mass 0.01 ng  0.35 ng and 0.03 ng 89.3 ng/cm2 
Frequency (Hz) 0.01 0.005 (IC/5); 0.1 
(XTM/2) 
0.1  






interactions, DNA studies, 





etching, adsorption, ion 
dynamics, 
electropolymerization, 
ion exchange, sensors 
and biosensors, HPLC 
and FIA detection 
EM sample preparation; 
thermal, electron beam, and 
sputter deposition 
Accessories Rotacell RTC-100 cell 
system, 3.5- to 100-mL 
EQCN cells, flow and 
demountable cells, DAQ-
616SC real-time data 
acquisition, PS-205B 
potentiostat/galvanostat 
Quartz crystals, quartz 
crystal sensor heads, 
vacuum feedthroughs 




through quartz holder, 
radial thin-layer flow, 
detection volume ±1 
µL. 
Range of crystal holders for 
high vacuum and ultrahigh 
vacuum 
Crystals     
Resonance 
frequency (MHz) 
10 5 or 6 5 or 10 6 
Surface shape  Plano-convex Plano-convex Plano-convex 
Crystal diameter 
(mm) 
14 14 14 and 8 14 
Electrode 
material(s) 
Ag, Al, Au, Co, Cr, Cu, 
blank 
Au, Ag Au, Pt, Ti, Ag, Ni, other Au, Ag, alloy 
Surface finish(es) Polished and unpolished Unpolished Polished and unpolished  




resonance; low noise; 
grounded/floating high 
precision f/V: 0.0012%; 
outputs: f, Df, V; QCI: 
admittance and phase 
products for vacuum 
deposition applications; 
all thin-film monitors 
and controllers use 
patented measurement 
system for highest 
measurement resolution 
possible 





232 interface, automatic 
thickness termination 
Table B-2. Representative QCM Systems and Ancillary Equipment (Continued) 
Manufacturer Maxtek 
11980 Telegraph Rd., 
Suite 104 






Attn: Princeton Applied 
Research 
801 S. Illinois Ave. 




2825 Laguna Canyon Rd. 
P.O. Box 277 




1000 Quail St., Suite 230 
Newport Beach, CA 92660 
949-250-0273 
www.q-sense.com 
PM-710 and TPS-550 Mark 20 TQCM sensor 




PLO-10 and CHT-100 
QCA-917 quartz crystal 
analyzer 
Mark 18 CQCM FEU 
flight controller 
Q-Sense D300 including QE 
301 drive electronics for 
simultaneous multifrequency 
(1–42 MHz) measurements, 
QAFC 301 chamber for batch 
or flow measurements, and 
QSoft 301 acquisition 
software 
Resolution     




Frequency (Hz) 0.03 (6-MHz crystal) 0.1 ~0.05 0.01 
Applications Electrochemistry, 
polymers, biologicals, 








Contamination control on 
spacecraft and in 
laboratories; outgas 
testing; TML, CVCM, 
QTGA, ASTM E595 and 
E1559, HD, and 
semiconductors 
Adsorption, hydration, cross-
linking and phase transitions 
of macromolecules such as 
proteins, lipids, and 
polyelectrolytes 






Cables, hosts, software Spin coater holder, crystal 
cleaning holder 
Crystals     
Resonance 
frequency (MHz) 
5, 6, and 9 9 3, 5, 10, 15, 25, 50 (168 
soon) 
5 







12.5, 14, 25.4 8, square 6.3, 12.7 14 
Electrode 
material(s) 
Au, Ag, Al, Pt Au, Pt Au, Ag SiO2, polystyrene, Au, Ti 
Surface finish(es) Polished and unpolished Unpolished Polished and unpolished Optically polished 
Special features Capacitance 
compensation, crystal 
resistance output; crystal 
Nongrounded crystal 
functions with any 
potentiostat; resonant 
Working on submersible 
models; radiation-







holders: well, dip, or 




available measurements); data analysis 
software enables extraction 
of film density, thickness, 
viscosity, and elasticity 
Table B-3. Representative QCM Systems and Ancillary Equipment (Continued) 
Manufacturer Sigma Instruments 
1318 Duff Dr. 
Fort Collins, CO 80524 
970-416-9660 
www.sig-inst.com 
Universal Sensors, Inc. 
5258 Veterans Blvd., Suite D 
Metairie, LA 70006 
504-885-8443 
intel.ucc.ie/sensors/universal/ 
SQM-160 rate/thickness monitor PZ-1001 immunobiosensor Example QCM 
system(s) SID-142 codeposition controller PZ-105 gas-phase detector 
Resolution   
Mass 0.32 ng/cm2 (2-s measurement) 2 ng 
Frequency (Hz) 0.025 1 
Applications Deposition rate/thickness measurement and control in 
a vacuum system 
PZ-1001 for direct, real-time monitoring of 
biomolecular reactions in liquid or gas phase; PZ-
105 for measuring gas samples or dry crystals 
Accessories Full line of crystal sensors and vacuum feedthroughs 
for use in high-vacuum systems 
Cell in acrylic or PEEK for flowing (70-µL 
chamber) or static (up to 1 mL) liquid samples; 
software for real-time graphical display of crystal 
response 
Crystals   









Electrode material(s) Au, Ag Au 
Surface finish(es) Unpolished Unpolished 
Special features Up to eight sensors can be measured at once; up to 
four sources can be controlled at once with the SID-
142 
 
 
 
 
